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SUMMARY
“Thermal-gradientmasstransfer”wasinvestigatedinthemoltenso-
diumhydroxide- nickelsystem.Possiblemechanis~(physical,electro-
chemical,andchemical)arediscussedintermsofexperimentalndtheo-
retical.evidence.Experimentaldetailsareincludedinappendixes.The
followingmechanismisfoundtobe mostprobable:
Coldzone
Na.#i02+ 2Na~ 2Na20+ Ni
Kineticequationsretheoreticallyderivedconsideringseparatelythe
followingthreefactorsas controllingtheover-allrateofmasstransfer:
thechemicalreaction,thediffusionprocess,andtheforcedcirculation
(ifpresent). Iftheabve mechanismisthetrueone,thechemicalreac-
tionistherate-determiningstepindynamicsystems,andthediffusion
processistherate-controllingstepinstaticsystems.Thebeneficial
anddetrimentaleffectsofadditivesareinterpretedintermsof theprob-
ablemechanism.
Evidenceisalsopresentedto showthatthermal-gradientmasstrans-
ferinthemoltensodiumhydroxide- coppersystemoccursby a similar
mechanism.
INTRODUCTION
Sodiumhydroxideisinmanywaysan attractivechoiceasa high-
temperatureh at-transferfluid.IJtiortunatel,y,onlya fewmaterialsare
suitableforcontainingit inthemoltenconditionatthetemperatures
desired,15M0 to 17000F. Amongthesesrenickel(refs.1 to 3),copper,
silver,gold(ref.4),
theLewislaboratay.
“thermal-gradientmass
.
-
E@ somenickel-basealloysrecentlyproducedat
Eventhesematerialsexhibitcorrosiontermed
transfer”,althoughtheydo notshowintergranular
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attackorrapidsolution.
.
Thermal-gradientmasstransferisthephenome-
nonbywhichthemetalisremoved(eitherchemicallyorphysically)from
thehotter egionsofa systemanddepositedincolderegions.Withthe r
previouslylistedmetalsthedepositisintheformof needle-likecrystals,
thesizeofwhichdependsupontheexperimentalconditions.
Inordertofindwaysof inhibitingthistypeof corrosion,an in-
vestigationwasconductedconcerningthepossiblemechanismsformass
transfer.Althoughmasstransferalsooccursinliquidmetalsystems
(ref.5;e.g.,moltensodiumincopper),themechanisminsuchcasesis
undoubtedlypurelyphysicalinnature,beingdueto solutionotthecon-
tainermaterialinthemoltenmetal.In systemsusingsodiumhydroxide,
transferisprobablychemicalinnature:andtheprocessisbelievedto
be similerforallthecontainermaterialspreviouslymentioned.The
purposeofthisreportisto establishthemostprobablemechanismfor
masstransferinthissystem.Thisreportdiscussesmethodsofmeasure-
uk?nt,choiceofmechanism,kinetics,effectofadditives,andalternate
mechanisms.Manyoftheproofsrequiretheuseofpreviouslyunpublished A
e~erimentaldata,thedetailsofwhichsxeincludedintheappendixes.
*
MET30~OFMEASUREMENT
At theIewislaboratorytwomethodshavebeenusedto studythe
phenomenonofmasstransferjtheyarethestatic apsuletestandthe
dynamictoroidtest.Previousreports(refs.1 to 3)describethesein
detail.Inthestatictesta verticaltemperaturegradientexistsin
nickelcapsules(crucibles)withthehotzoneatthebottom.Thistype
ofgradientwasintendedtoproducetherm&1convection.Thenickeldis-
solvesfromthebottomofthecapsuleandprecipitatesa a narrowring
attheliquidlevelofthesodiumhydroxide.Fromradiographsof such
capsulestherelativeamountsoftransfercanbe estimatedqualitatively.
Thelossinweightofa nickelspecimenplacedinthehotzone(bottom)
isfoundtobe proportionaltotheamountoftransferinthecoldzone
(ref.1).
IDthecirculatingliquidrunsmadeintoroids,radiographsofthe
coldsectionsalsosup@ya convenientmethodformeasuringmasstransfer.
Sincethetransferrednickelis spreadoveran etiendedarea,theaverage
reductionininternaldiameterofthecoldsectionof thetoroidgivesa
quantitativem asureoftransfer.
most
R 1sJ
Inthestudyofthe
general.casecanbe
cou.ibinetoproduce
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mechanismofthermal.-~adientmasstransfer,a
.
considered.Inthecoldzoneallofthereactants
nickelandalloftheotherproductsPi’s:
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where nj ~d ~ srethenumberofmolesof Rj and Pi)respectively.
Thereversereactionmustoccuratthehotzonetomaintaintheprocess.
Therequirementsforsucha cyclicreactiontooccurarethatateach
temperatureactionoccurstowardtheattainmentof equilibriumandthat
theequilibriumconstantvariessignificantlywithtemperature.!Qms,the
concentrationsareslightlydisplacedinonedirectionfromequilibrium
at thehighertemperaturesandintheotherdirectionatthelowertem-
peratures.Obviously,at some“meantemperature”theconcentrationsof
thematerialsinvolvedarein chemicalequilibrium.
As a consequence,threemajorprocessesareinvolvedinanyproposed
mechanism:(1)thechemicalreactionsthatoccuratthehotandcold
zones,(2)themigration(diffusionr circulation)of thespeciesfrom
thehotto thecoldzoneandviceversa,and(3)theinitialadjustment
of concentrationsto “meantemperature”quilibrium,whichsometimesre-
quiresadditionalchemicalreactions.Theevidencefororagainsta par-
ticularmechanismdependsprimarilyuponthenatureofthefirstprocess,
thezonereactions.
PossibleReactions
Thefirststepindeterminingthemechanismoftransferwasto enu-
merateallthepossiblereactionsthatcouldbeenvisioned(table1). A
similarlistissuggestedinreference6. Thesemechanismscanbe divided
intothreeprimarygroups:physical,electrochemical,ndchemical.The
chemicalmechanismshavebeensubdividedas towhethertheoxidizing-
reducingpairintheequation
ColdzoneNa2Ni02+ Reductant~= Oxidant+Ni
arisesfroman impurity,thedisproportions’tionof nickel,or thesodium
hydroxide. Ifthesodiumhydroxidesuppliestheredoxpair,theelement
actuallyinvolvedintheoxidationcouldbe eitheroxygen,hydrogen,or
sodium.Inthesubsequentdiscussion,theoxidizedformofnickelis
generallyrepresentedas sodiumnickelite(N~Ni02),sincethiscompound
intheformof olive~greenneedle-likecrystalshasrecent~vteenisolated
at theLewislaboratory(appendixA) aswellasat otherlaboratories
(refs.6 to 9). Itlikewiseappe=sthatthisistheonlyoxidizedform
. of nickelstableinmoltensodiumhydroxide(appendixA).
.
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Therequirementsfor
MeansofSelection
theactualmechanismarethefollowing: s
(1)Thechemicalspeciesiuvolvedinthereactionshouldbe feasible.
Their‘presenceshoUdbe supportedeitherexperimentallyortheoretically.
(2)Themechanismshouldexplaintheapparentdifferenceinthe
kineticsbetweenstaticanddynamictests.Sinceinstatictestshytio- tgensimultaneouslydecreasestherateoftransferandthenickelitecon- k
centration(appendixB),itappearsthattherateoftransferdepends
u~n nickeliteconcentration.However,indynamictoroidtests,even
thoughthenickeliteconcentrationincreaseswithtime(appendixC),the
rateoftransferisindependentoftime. Thisindicatesthattherateof
transferIsindependentofnickeliteconcentration.
(3)Themechanismshouldexplaintheeffectofadditivesuponthe
rateoftransfer.Specialattentionshouldbe devotedtothecompounds m
of chromium(appentiesD andE),sincekm!zhmetallichrormtumandchro-
miumsesquioxide(Cr203]inhXbitransferinstatictests,whileonly
chromiuminhtbitsitindynamictests. .
(4) Thereshouldbe noexperimentaldataindirectcontradictionto
themechanism.However,allmechanismsexcept helast(reaction(7)
arecontradictorytoon&ormoree~erimentfifacts.Th&e discre@2&ies
are(th3cussedlater.
SodiumMechanism
Thefou.owhlg
(table1,reaction
mechanismis
(7)]:
Na2Ni02+ 2Na
consideredtobe themostprobableone
ColdZO& 2Na20+ Ni
k~ —
ariseexclusivelyfromdissociationfThesodiumoxideispresmedto
sodiumhydroxide,whichgenerateswateratthesfietime.Theoretically,
sodiumoxideshouldexistinsodiumhydroxide;thermodynamiccalculations
(appendixF) showthatitsequilibriumconcentrationcanbe ashighas
2.7molepercent.Itspresencehasalsobeensupportedexperimentally
(ref.10). Sodiumnickelite(appendixA} andmetallicsodium(ref.7)
havedefinitelybeenfoundexperimentallyinthesodiumhydroxide-
nickelsystem.Metallicsodiumhaslikewisebeendetecttinthesotium
hydroxide- coppersystem(appendixG). Sodium,aswellassodiumnick-
elite,isformedby thehot-zonereaction.Since,however,theconcen-
trationof sodiumnickelitedoesnotreacha constantvalue[appendixC),
undoubtedlymostof itisformedby thereaction
.
.
W. + 2NaOH~ ~ + N~Ni02
.
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Inorderto explaintheapparentdifferencesbetweentheresultsin
staticanddynamictests,onemustfirstderivethekineticequations
whichareapplicableto themasstransferprocess.Anyoneofthefollow-
ingthreefactorscanbe consideredto controltheover-allrateoftrans-
fer: therateofthechemicalreaction,therateof’thediffusionproc-
ess,andtherateofthecticulation(ifpresent).
nextsectionsaredevelopedintermsof thegeneral
forthecoldzone
ChemicalReaction
Whenthechemicalreactionisrelativel.yslow,
Theequationsinthe
reactionaswritten
themoltenmaterial
isessentiallyhomogeneouswithrespecto thecon&entrationsof allthe
chemicalspecies.Therateof transferrt isobtainedby considering
thenetrateofreactionina unitareaofthecoldzone(denotedby the
subscriptc):
[1%-k 9‘t = ‘fjcy ‘j r,c~~il a (1)
where ~ istherateconstantoftheforwardreaction,~ istherate
constantofthereversereaction,a istheactivityofthenickelmetal,
and [] indicatestheconcentrationfthespecies.Rearranginggives
Sinceat some
volvedsrein
eachotherby
‘meantemperatureti(mentionedpreviously)thespeciesin-
chemicalequilibrium,theirconcentrationsererelatedto
theequilibriumconstant~ ofthat“meantemperature”:
~ [Pj‘i a
%= (3)
~ [R-jl‘j
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Theequilibriumconstant~ forthecoldzoneisgivenby theequation
.
% = %@+,c
Substitutingeqwxbions(3}and(4)intoequation(2)yields
‘t =kf,c(yp,]n’)(1-~) (5)
,-
l?romtemperature-coefficientconsiderations,
% ,’@RTca/RTe
—=
Kc
(6}
a
whereAH istheenthalpyofthereactionaswrittenforthecoldzone,
R isthegasconstant,TC isthetemperateofthecoldzone,and
Te istheequilibriumtemperature.Substitutingequation(6]intoequa- “
tion(5)gives
(7)
Finally,by expandingtheexponentialndassumingTe - Tc (M ineq.
(8) tobe smll, the rate of I-S tra*sferiSobtainedfora chemical-
reaction-controlledprocess:
(’m)‘j AmT‘t = -kf ilRJZ (8)
or similarly,
DiffusionProcess
.
Ifthechemicalreactionsconcernedarerelativelyfast,diffusion
oftheproductsandreactantsmaybecomethegoverningfactorforthe
rateprocess.Theresultingrateequationcanbe mosteasilyderivedfor “
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twonickelplates,eachof unitarea,at differenttemperatures,and
placedparalleltoeachotherat a distance2 apartinmoltensodium
+ hydroxide.Thetemperaturedifferenceandthespeedofthechemicalre-
actiongiveriseto concentrationdifferences
~i and mj forthe
speciesurroundingthetwoplates.Theseplatesaredesignatedby the
subscriptsh forhotand c forcold.
Therateoftransfer,beingequalto therateofdiffusionofeach
species,isgivenby
(lo)
or simply
.
+
‘ikimi nk “
‘t ‘~= (U)
“
wherethe ki’sand kj’sarediffusionconstantsforthei’thandj’th
species.Multiplicationofequations(10)and (U) by S/ki[Pi]and
S/kj[Rj]jrespectively>andthensummationoverall i’s and j’s
resultsin
‘z*)=afTw-R““ ~
J i J
or
rt=(’x!%+qla)l($+rph-““
Thenumeratorcanbe evaluatedfromequilibriumconsiderationsasfollaws.
Sincechemicalequilibriumexistsatthehotandcoldzones,therespec-
tiveequilibriumconstantsKh and ~ are
.[ 1~‘i,h %
% = ~~j,h]‘J
(14)
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Fromtemperature-coef’ficientconsiderateions,
~
%
where Th isthetemperature
(15),and(16)gives
AH/RTc-@%
e
Theconcentrationsatthehot
tionsatthecoldzoneare
AH/RTc-AE/RTh
=e
of the hotzone. Combiningequations(14),
(16}
zoneexpressedintermsof’theconcentra-
~IM ~ and ~ and assum@jthatthe ARj’s and Mi’s are
smallwithrespecto thecorrespondingRJ’s and Pi’s yields
Expandingthee~onential.with AT,Th - Tc~assumedtobe
(19)
smallgives
IUC!ATN4089
.
. y=z~+x~i J
Combiningequations(13)and(20),oneobtains
9
(20)
(21}
where ka istheaverage—diffusion-rateconstant.
& Circulation
Ina systemwithforceflowtherateof transfermaybe controlled
.
: by therateof circulationkcti (incps). In a staticsystemwith
thermalconvectiona valuefor kcti mightbe difficultto assign.
-3
Nevertheless,therateoftransferina circulation-controlledsystem
canbe expressedas
‘t = ckcti%~i = ~ctinJ% (22)
where C expressesthedependenceof r+ on thevolumeofthemelt.
Thefollowingequationcanthenbe obtai;ed,ina similarmanner
forequation(13J,
.t=.cti&’&xE)/@+@)
J
to that
(23)
Sincechemicalequilibriumexistsatthehigherandlowertemeratures,
equation(20~isagainvalid. fUponsubstitutingequation(20 into
equation(23),
‘t = -Ck#4T/RT & hi
-+mLil (24)
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It isreadilynotedthatinallthreecases(eqs.(9],(21),and
(24) therateof transfer(tothefirstapproximation)isproportional
tothechangeinenthalpyofthereactionaswrittenforthecoldzone.
Inasmuchastherate rt ispositiveaswritten,theenthalpymustbe
negative.Tbthefirstapproximationthetransferispro~rtionaltothe
differenceintem~rature;thispointhasbeensupportedexperimentally
(ref.l).
ApplicationfEquations
Forthesodiumechanismthethreekineticequationswouldbe:
-k+wsr
rt(chemical)=
()‘T2[N~2012
(25)
4
-k&AT
rt(diffusion)=
(
ka k J%
(26) “
RT2j~ + m + k3~a#i021
1[a21 )
-kc#!16AT
rt(circulation]=
T
‘T [Na~O]+ * + [NGi021
(27)
In a chemicallycontrolledprocesstherateof transferisconstantas
longaatheequilibriumconcentrationof sodiumoxideisnotdisturbed
si~ificantly-by thezonereaction
Coldzorye
N~i02 -I-ma <_..
Hotzone
ZNa20+-Ni
Iftheequilibriumconstantforthezonereactionhasa valuewhichkeeps
thesodiumconcentrationlowwithrespectothatof sodiumoxide,the
latterisnotappreciablyaffected.
Ina diffusion-controlledprocess,theeffectofthesodiumconcen-
trateionmightbe ignoredif k2 isrelativelylarge,aswouldbe pre-
dictedfromtheunchargednatureandthesmallsizeofan atomofmetallic
sodium.Thus,therateoftransfershouldependuponthenickelitecon- -
centration,sinceitisofthesameorderofmagnitudeasthesodium
oxideconcentrateion. ([Na2Ni~] = 0.2molepercentat 24h, c~ctited .
fromdataintableVTII;[Na20]= 0,02to 2.7molepercent,appendtiF-)
J!UCATN4089
.
Therate
siderednext.
u.
of cticulation-controlledtransfer(eq.(27))canbe con-
Sincethesodiumconcentrationislessthanthenickelite
q concentration,theterm 1/maJ affectstherateoftransfermorethan
theterm l/[Na#i02].Therefore,since 1/[Na] isproportionalto the
nickeliteconcentration,therateof masstransfermustdecreasesathe
nickeliteconcentrationi creases.
Onethereforeconcludesthattherateof transferindynamicsystems
ischemicallycontrolled,sinceit is independentof sodiumnickelite
concentration.However,transferinstaticsystemsmustbe diffusion
controlled,sinceitsrateincreaseswithnickeliteconcentration(appen-
dixB}. Instaticteststherateof transfershouldthenincreasewith
time. Theincreasedrateof specimenweightlosswithtimeincapsule
tests(tableVIII,column9) i:an indica~ionof
transfer.
thisincreasedrateof
.
.! EFFECTOFADDITIVE3
.:
~
.
Ina chemicallycontrolledmechanism(dynamicsystem)additivesmsy
: affect herateoftransferinthefollowingways:
~
(1)By changingtheconcentrationfthesodiumoxide
(2)By supplyingan auxiliarytransfermechanism
{3} By changingtheactivityofthenickelmetal
Thefirsttwomethodsof sffectingtherateoftransferarealsovalidin
a diffusion-controlledmechanism(staticsystem).However,thethird
method,changingtheactivityof&e
changingtheconcentrationf sodium
transferas statedpreviously.
sodium
nickei,sh&ldhaven~effect;instead
nickeliteshouldaffecthersbeof
oxide
Onewouldpredicthattheadditionof sodiumoxideandsodiummetal
(whichwouldeffectivelyincreasethesodiumoxideconcentrateion)to
eithera staticor dynamicsystemshouldincreasetherateofmasstrans-
f er. Thishasbeenverified-experimentally(ref.3). Addingcalcium,
sodiumhydride,lithiumhydride;andcalcium-nitrid&
addingmetallicsodium)shouldlikewiseincreasethe
Forexample,thereactiontithcalciumis
Ca+ 2NaOIi+Ca(OH)2+ 2Na
(beingequivalent
rateof transfer.
to
12
Thisalsoisdemonstrated
OftheSOdiUmhydrideand
thusgeneratedto diffuse
nobeneficialeffect.
inreferences2
lithiumhydride
rapidlythrough
In casesinwhichmetallicadditives
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and3. Thefastdecomposition “
shouldallowallthehydrogen
thenickelandthustoproduce a
reactwithsodiumhvdroxideto
producesotiumoxide,an increasedrateoftransfershouldag;inbe
expected.Thispointisperhapsillustratedintheincreasedrateof
transfercaused%y additionofmanganese,iron,titanium,vanadium,and
molybdenum:
MO + 6NaOH~ Na2Mo04+ 2Na@
Water
Additionsofwaterin smallamountshouldsuppressthesodiumoxide
concentrateionandinhibitransfer.Instatictestswheregassaturated
withwatervaporwaspassedoverthesodiumhydroxideinthenickel
cruciblebeingtested,transferwasdecreased(ref.3).
Additionsofcertainoxidesmaybe equivalentto addingwater,as is
evidentfromtheequation
COO+ 2NaOH~ Na2b02+ ~0
Thismaybe thecasewheninhibitionftransferesultsfromtheuseof
thefollowing:cobaltoxide,cupricoxide,cuprousoxide,stannousoxide,
manganesemonoxide,andzirconiumdioxide(ref.11]. Theeffectiveness
of stannousoxide,manganesemonoxide,andcuprousoxidemaybe p=tially
duetotheirreducingaction.Inorderforbeneficialeffectsdueto
watertobe observed,theadditivemusteitherbe addedaf%erpurgingor
reactonlyattemperatureshigherthanthepurgingtemperature.
It ispossiblethattoomuchwatermightresultinanauxiliex’y
reactionsuchas
Coldzone
Na#Ti02+ 2Na+ 2~0 ~~ Hi + 4NaOH
Thismayaccountforthecaseofunpurgedsodiumhydroxideinwhichthe
rateoftransferwasincreased(ref.2). Thisreactionmayalsoaccount
forthefactthatauybeneficialeffectsattributableto thepresenceof
waterarealwaysslight.
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MetallicChromium
b Metallichromiumisan inhibitorofmass
13
transfer (ref.2). The
methodby whichchromiumworksis notby decreesingthenickel.iteconcen-
tration(appendixD).
Experimentsshowthatmetallichromiumreactsrapidlywithmolten
sodiumhychmxidetoformsodiumchromite(Cr+3),whichthenreactsumre
slowly(for20hr)toformsodiumhypochromate(C#) (appendixE). This
chromite-Qq@chromatereactionis inequilibriumwiththehydrogenpres-
sure(appendixE). Sincethenickel-nickelitereactionisnotinequi-
libriumtithhydrogen(appendixC),thefollowingreactioncannotbe at
“mean-temperature’*equilibrium:
Ni+ N~Cr05c-m Na3&03+
Eotzone
.
Thechromiumisthereforenoteffectiveby means
nism. In somewaythechromiteandhypochromate
Na2Ni02
ofthisauxiliarymecha-
forma complexinan
approximateratioof 1 to 1 at MO@ F and1 to 1.1at 17C@ F. There-
fore,itisreasonablethateitherofthespeciesmightpsrtiallycomplex
withsodiumoxideandthusinhibitmasstransfer(bothinstaticand
dynamictests).
ThequestionwhichnowarisesiswhythechromiteformedtrommetsJ.-
licchromiumreactsdifferentlyfromthechromiteformedfromchromium
sesquioxide(appendixD). Eventhough both msy formsodiumchromite,the
coordinationftheoxygenatomsaboutthechromiumightbe differentj
thisis quitecommonamongwater-solublesaltsof chromium.H themecha-
nismby whichtransferis inhibitedusingmetallichromiuiuvolves
coordination(complexformation),chromiumsesquioxideobviouslyneednot
inhibitransferinthesamemanneraemetsllichromium.
ReducingAgents
Sincechromiumsesquioxider ducesthesodiumnickeliteconcentra-
tion(appendixD)presumedlyby thegenerationofl@rogen,it stiuld
inhibitmasstransferwhenthetransferisa diffusion-controlledprocess.
Indeedtransferis inhibitedinstatictestsby chromiwnsesquioxide
(appendixD)butnotindynamictestsrecentlyperformedattheLewis
laboratory.Anothereducingagent,calciumhydridealsoinhibitstrans-
~ferin statictestsbutnotindynamictests(ref.3 . Hence,directly :
. appliedhydrogenpressurewhichinhibitstramfer in statictestsshould
notnecessarilybe effectiveindynamictests.Publishedworkonthis
effectis inconclusive(ref.11). Eydrogencouldinhibitransferin
. dynamictestsif itspoisoningactionweresufficienttoreducethe
*
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actiyityofthenickel.(Cdcim@tiide i.creasestherateoftransfer -
indynamicsystems,becauseitsdecom~sitionproduces“detrimental”
calciumetalaswellas ‘%eneficial”hydrogen.) l
OxidizingAgents
Oxidizingagentsshouldhavetheoppositeffeetofreducingagents
upontherateoftransfer,sincetheyshouldincreasethesodiumnickelite
concentration.Thisistheeffectfoundin staticsystemsformaterials
suchas sodiumperoxide,ferricoxide,potassiumchlorate,potassium
chromate,sodiumchromate,calciumchromate,cobaltousicoxide,manganese
dioxMe,sodium’bro~te,andleadsesquioxide(refs.2 and11). This
effectisnotexpectedindynamictests,butnoneoftheseadditiveshave
everbeenstudiedundersuchconditions.
InsolubleCompounds r
Appsxentinhibitionftransferesultedinstatictestsfromaddi- .
ttonsofaluminum,aluminumoxide,scdiumaluminate,aluminumfluoride,
magnesiumoxide,calciumchloride,andstrontiumperoxide(refs.2,3,
andn). Thisk beenattributedtotheformationofprotective~nsolu-
blelayersoverthespecimens,sodiumaluminateinthe
compounds,andinsolubleoxidesfromtheothers.
iaseofaluminum
InertMaterials
Sincesilver,gold,andcopperdonotreactrapidlywithsodium
hydroxide,noeffectisproducedbyusingthesemetalsasadditives(ref.
11)l Othermaterials,suchas saltsthatareinertto sodiumhydroxide
(sodiumchloride,sodiumfluoride,andsodiumiodide]andceramicmate-
rialsstableat 1500°and17M1°F (tantalumnitrMeandcolumbiumnitride),
shouldnotanddonothaveanyeffectuponmasstransfer(refs.2 andn).
CONSIDERATIONFALTERNATIVEl@X~
Physical&chanism
In consideringthephysicalmechanism(tkble1,reaction(1))one
mayadmitthatnickelis soluble
Coldzone
Ni”(dissolved)= Ni”(metal)
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inumltensodiumhydroxideandthatas soonas saturationisreached
transfercouldoccur.
.
Althoughmasstrausfermightbe attrfbutshleto thismechanism,ex-
perimentswithhydrogenatmospheresshowitscontributiontobe quite
small,sincethepresenceofhydrogenreducestherateoftransferby a
largefactor{appendixB andref.3). In nowayisit conceivablethat
hydrogenreducesthevolubilityof nickelinnmltensodiumhydroxide.A
lsxgevarietyof othermaterialsin
oftransfer(appendixesD andE and
plausiblethatsuchmaterialswould
problemofphysical.volubility.
smallquantitiesdoaffecttherate
refs=2 and3). Itdoesnotseem
affecttransferif itwereJusta
.
chemical
.
ElectricalMechanism
secondpossiblemechanismfortransfer
half-cellreactions(tableT,reaction
involvestheelectro-
(2))
Na@i02+ 2Na++ 2e- Coldzone
— 2Na20+ Ni
~
Thismechanismrequirestheexistenceof an electromotive
nickelatthehotzoneandnickelatthecoldzone. Such
beenobservede~rimentdly (appendixH andref.12);it
forcebetween
a potentialhas
iSprobably
attributabletoreaction(2). Moreover,thispotentialis sufficientto
sustaina currentofmeasurablemagnitudefor6 hours(appendixH). The
electrochemicalreactionrequiresthat,sincethesodiumnickelitecon-
centrationbuildsupwithtime(appendixC),theelectromotiveforceas
wellastheactualrateof transfershould ecreasewithtime. Thisis
contraryto fact. Also,inthepresenceofhydrogen,themasstransfer
shouldoccurfromthecoldzoneto thehoczoneinaccordancewiththe
reversalofpolsrityobsemedwitha hydrogenatmosphere(appendixH).
Theconclusionsarethattheelectrochemical.processmaybe occur-
ring,butthatitscontributionto themasstransferactuallyobserved
issmallandas timeprogressesbecomeslessandless. Inthepresence
of a hydrogenatmospherethisprocesscannotoccuratall. An additional
proofisthefactthatcrystalsof nickelplateoutona ceramicmaterial
Incoldregions(ref.6};inthiscasean electrochemicalprocessis
impossible.
Thelatterconclusionsareof coursevalideventhoughthehaM-cell
. reactionsmightinvolvenickelwitha valenceof+3:
Coldzoe
. NaNi02+ 3Na+.+3e-~_. 2Na@ + Ni
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Uapurity Mechanism
Of theimpuritiespresentin sodiumhydroxide(table11)andnickel -
(table111),onlyiron,cobalt,andmanganesecouldcontributeothe
impuritymechanism,sincetheelementinvolvedmustexistintwooxidized
valencestates:
ColdzoneNa.#i02+ 2Na#e02.— 2Na3Fe03+ Ni
Hotzone
Coldzone
N@Ji02+ ~2C002 ~~ 2N@003 -I-Ni
Coldzone2Na#i02+ Na#n02 ~ Na#4104+ 2Na20+ 2Ni
HCltzone
Theprobabilityhata sulfate,a phosphste,silver,orcopperwould
existintwoionicvalencesisexceedinglysmall.Ik?causeofthesmall. .
concentrationsofalltheimpurities,thistypemechanism,slthough
possible,isstillnotprobable.
Theconcentrationf impuritiesarisingfromthenickelincreasesin
thesodiumhydroxidewithtime(ref.6],andthustherateoftransfer
shouldincrease.Therateoftransferdoesnotincreasewithtimein
dynamictests.
Finally,alltheseiquritiesweredeliberatelytided(insome
forui]to thesodiumhydroxide,andalthoughsomeapparent~increase
transfer(perhapsfivefoldby qualitativeestimate)(tableIV),thisin-
creaseisnotproportionaltothethousandfoldincreaseoftheimpurity
concentration.
DisproportionationMechanism
Thenextmechanismto consideristhedisproportionationreaction
of nickel(table1,reaction(4))
3Na2Ni0Coldzone- 2Na3Ni03+ Ni
2 Hotzone
Againreferenceismadeto thefactthatthesodiumnickeliteconcentra- -
tionincreaseswithtime(appendixC). Sincethenickeliteandnickelate
mustbe in “meantemperature”quilibrium,theconcentrationofthe .
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nickelatemustalsoincrease.Therefore,
on thenickeliteconcentrationregardless
. controlled.Thesameistrueevenifthe
17
thetransferateshoulddepend
ofhowtherateprocessis
chemicalequationis
Coldzone3Na#i02~ 2NaNi02+ 2Na20+ Ni
HotZOne
Sincethetransferateindynamicsystemsisexperimentallyindependent
of nickeliteconcentration,theactualmechanismcannotinvolvedispro-
portionationf nickel.
Furthermore,thehighervalencesof nickelshouldnotexistinthe
presenceofa hydrogenpressure(ref.6) suchashasbeenreportedto ex-
istabovethenickel- sodiumhydroxidesystemat8000C (4mm Hg,ref.7).
w OxygenMechanism
Thepossibilityhatoxygenisthe“redOx”materialaccordingto the
.
~ equation
—
ColdzoneNa#Vi02~ Na20 -I- 1/202 +Ni
Hotzone
isnil,sincethe4 millimetersofurcurypressureofhydrogen(ref.7)
eliminatesthepossibilityhatoxygenispresentat all.
. HydrogenMechanism
Themechanismthatfora longtimeseemedthemostlogicalinvolves
hydrogenas theredoxmateridjthereactionis (table1,reaction(6))
ColdZOlle
Na2Ni02+ ~ ~~ 2NaOH+Ni
Thereactionbetweenickelandsodiumhydroxideisknownto occur,since
bothhydrogenandsodiumnickelitearefoundas Produdsj the problemis
whetherthisreactioncango inreverse.Thisseemedpossible,since
nickelOXME (assumedtobe theoxidizedformof nickel)iseasilyreduced
by hydrogen.Experimentsunderisothermalconditionswitha constant
-
imposedhydrogenpressure(appendixC) showedthattherateofformation
of sodiumnickeliteis constantevenupto timesof 6~ hours.Thus,
equilibriumisnotreached,thereversereactioneverOCCmSJandt~s
. mechanismcouldneveraccountfortransfer.Evenwithnoaddedhydrogen,
equilibriumisnotreached,inasmuchastheconcentrationof scdium
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.
ni.ckelitedoesnotreacha constantvalue(tableVIII,column7). The
decreaseintherateofformationof sodiumnickelitecausedby hydrogen
mustbe dueto itsdirectpoisoningactionuponthenickel. *
Sincetheconcentrationof speciesof nickelotherthanNi+2(e.g.,
Ni+3)whichmightbe iuequilibriumwiththehydrogenpresentisextremely
low(ref.6),thecorrespondingreactionsinvolvingthisconcentration
neednotbe considered.
“ SUMMARYOFRESULTS
Thefollowingzonereactionsaretheprobable
thermal-gradientmasstransferof nickelinmlten
Coldzone
Na#$i02+ 2Na~ 2Na20+
Hotzone
Thediffusionofthemolecularspeciesinthemelt
onesoccurringin
sodiumhydroxide:
Ni
P
allowstheprocessto
continueindefinitely.Thesodiumoxidearisesfromthedissociationf - -
sodiumhydroxideathightemperatures.Thesodiumnickelite(N~Ni02)is
formedprimarilyfromthefollowingreactionandat a constantratewith
anygivenpressureofhydrogen:
2NaOH+ Ni-E2 + Na2Ni02
Indynamictests,therateoftransferiscontrolledby therateofthe
zonereactionsandthusisconstantwithtime. Instatictests,the
rateoftransferiscontrolledby therateofdiffusionandthusincreases
withtime. .
Theeffectsofadditivesupontherateoftransfercanbe explained
intermsofthismechanism.Additiveswhicheffectivelyincreasedthe
sodiumoxideconcentrationincreasetherateoftransfer;thosewhich
decreasethisconcentrationdecreasetherateoftransfer.Reducingagents
decreasetherateoftransferin statictestsandhaveno effectind~mic
tests.Oxidizingagentshavetheoppositeffectin statictests.
.
LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,June20,1957
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EXISTENCEOFSODIUMNX3CEUTEINSODIUMHYDROXIDE- NICKELSYSTEM
An investigationwasmadeto demonstrateheexistenceof sodium
nickeliteinthesodiumhydroxide- nickelsystem.Theexistenceofthis
or a similarcompoundisnecessaryforsixofthesevenpossi.hlem chanisms
ofmasstransfer(tableI}. Thenatureofthehydrolysisproductof
sodiumnickelitewasalsostudiedinorderto stistantiatehetheory
thatnickelwaspresentinthe+2 valencestate.Thereactionbetween
nickeloxideandsodiumhydroxidewasinvestigatedto showtherelative
instabilityofthiscompoundwithrespecto sodiumnickellte.
. MaterialsandFrocedure
. The‘L”nickelcruciblesaswellastheprocedureusedinthisprepar-
; ationwereidenticaltothoseusedinthestemdsrdstattccapsuletest
: usedattheIewtslaboratory(fig.1 andrefs.2 and3). Thecrucibles
.
? were5 incheslongandhadan outsidediameterof 5/8inchandl/l6-inch-
j thickwalls.Allthecruciblecomponentsexcept heventtubewerefab-
ricatedfromthesamelengthoftubing.
Eeforethecrucibleswereassenibled,thecomponentswerecleanedin
a modifiedaquaregiasolutionfor2 minutes.Eelisrcweldingwithan
atmospherecontaining15percenthydrogeninheliumwasusedinfabrica-
tion. A flowof argonwasmaintainedinthetubeduringwelding.Sodium
hydroxide(13.O@.lg)wasweighedintoeachcrucibleinthedrybox.
Thetopandventt&e werethenweldedintoplace.Themoistureandair
wereremovedby evacuationto 5 micronsofmercuryat 5800F (in16hr)
andthento 5 micronsofmercuryat72@ F (in4 hr). Afterevacuation
andcooling,a covergasofheliumatabou~2 poundspersqusreinchgage
wasadmitted.Crimpingandweldingatthecrimpservedto sealthe
crucible.Thermocoupleswerespotweldedto thecrucibles1/8inchfrom
thebottomandalsoattheliquidlevel.A specialfurnace(ref.2)was
used.
IsolationandIdentificationofSodiumNickelite
Fourcrucibleswereheatedto 170@ F for24hours.Aftercooling,
theywerecutintosectionsabout1/2inchlongina dryheliumatmosphere.
Oliveto dark-greenneedle-likecrystalsabout1/8inchlongwerevisible
throughoutthewhitesodiumhydroxidematrix.Similarcrystalsarere-
. portedinreference6. Thesodiumhydroxidewasdissolvedawayfromthe
crystalswithabsolutemethylalcohol.TheX-raypawderdiffraction
l pattern(tableV) determinedforthecrystelsmatchedtheoneswhich
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havebeenreportedby otherlaboratories(refs.7 and9)andassigned
theformulaNa2Ni02.No Hues ofnickeloxideor nickelhydroxidewere
found.Theutmostcarewasusedto keepairandmoistureawayfromthe
crystalsatalltimes.Thechemicalanalysisreportedforthiscompound
(residue) inreference9 roughlycorrespondstotheformul.aN 2Ni02.
Reference7 reportsanX-raypatternfroma residueobtainedby heating
sodiumhydroxidein nickeluntilallthehydrogenpresentwasevolved
asa gas;thiswouldlikewisecorrespondto,.theformulaNa2Ni02.The
factthatthepatternofthisworkmatchestheothersindicatesthat
sodiumnickelitedoesnotsignificantlyreactwithabsolutemethyl
alcohol.
Nowelldefinedcrystalswereobtainedby heatingsodiumhydroxide
innickelat 1500°F, sincethenickeliteconcentrationwastoosmall.
.
PreparationfHydrolysisProducts
Inorderto investigatehehydrolysisproducts,
werepreparedinthewaydescribedpreviously.After
othercrucibles
the24-hourtreat-
mentat170@ F, thecontentsofthecrucibleswerewashedoutwithdis-
tilledwaterandthecrystalspresentwereallowedtoremaininthewater
about3 days.Brightgrass-greenneedle-likecrystalswereformed.
Therewasalsopresenta slightamountoffineblackprecipitate,which
wasprobablyformedfromthehydrolysisof sodiumnickelitedissolved“in‘“
thesodiumhydroxide.Afterremovaloftheblackprecipitateby recanta-
tion,thegreencrystatiwerewashedandthendriedina desiccator
containingDrierite.Theywereshownspectroscopicallyto containo
sodiumandtheirX-raypatternmatchedthatfornickelhydroxide
(Ni(OEj2].Theindividualcrystalswerehexagonalinshapeas seenunder
a microscope.Thecrystalsturnedblackupon&r@ng at 120°C for24
hoursbutstillretainedthesamecrystallineformandX-raypattern.
Thecrystalslost11.8percentoftheirweightduringtheheatingprocess.
Thechemicalanalysisoftheblackcrystalshowedthemtobe nickel
hydroxide(Ni(OH)2).Althoughthegreencrystalscorrespondtothe
compositionNi(OH)2.H20,theyprobablycontainmerelyphysicallytrapped
water(inasmuchastheX-raypatternwasunchanged).
At 1500°F thereactionbetweensodiumhydroxideandnickeldidnot
yielda crystallinehydrolysisproduct(exceptinoneisolstedinstance).
Theblacktobrownpowderregularlyobtainedby filteringthewatersolu-
tionofthemeltneverthelessgavetheX-raypatternfornickelhydroxide.
Thispowderwasprobablythesameasthes@@t atiouitofblackpowder
obtainedfromthecruciblerunat 1700°F.
.
NACATN 4089 21
Hydrol~isIYoductsfromReactionof SodiumHydroxide
withNickelOxide
A nickelcruciblecontaining0.13gramof nickeloxideandtheusual
13gramsof sodimnhydroxidewaspurged,sealed,andheatedto 1700°F
for15minutes.Whenthecontentswerewashedout,largegrass-green
needle-likecrystalswerefo~d. Onlya traceofthenickeloxideX-ray
patternwasdetectableinthenickelhytroxidepatternfoundforthese
greencrystals.X-raypatternsof individualcrystalsprovedthemtobe
actuallypolycrystalline.
Conclusions
Thereactionbetweenickelandmoltensodiumhydroxideproduces
sodiumnickelite(Na2Ni02). Thesodiumnickelitecanbe Isolatedas
l
needle-Me crysta~ifthereactionoccursat 17000F butnotif itoccurs
at 15000F or lower;thisis attributedtothegreaterconcentrationf
. thenickel.iteat 170@ F (tableVIII)andto a probablylargerateof
changeof volubilitywithtemperatebetween1500°and1700°F.
Thereactionbetweenickeloxideandsodiumhydroxidea; 17000F
(andlikelybelowthattemperature)alsoproducesodiumnickelite(in-
dicatedby thepresenceof itshydrolysisproductnickelhydroxide):
NiO+ 2NaOH+Na2Ni02+H20
Sincethisreactiongoesessentiallyto completion,verylittlepossibility
existsthatthespeciesMO canbe presentinmoltensodiumhydroxide- .
nickelsystems.
Thereactionbetweensodiumnickeliteandwater
Na2Ni02+ 2H20+ 2NaOE+Ni(OH)2
“resultsintheremovaloftheN~O componentby leachingwithoutdisturbing
theexternalshapeofthecrystals.Wobablyduringthisprocess ingle
. crystalsofsodiumnickeliteconvertopolycrystal.linenickelhydroxide
(containingphysicallytrappedwater).
.
.
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THEEFFECTW HYIMXWNUPONMASSTRANSFERN!ZONICKEUTECONCENTRATION
Expertientswereconductedto showthesimultaneousdependenceof
sodiumnickeliteconcentrationandrateofmasstransferuponthehydrogen
pressureinnickelcapsulescontainingsodiumhydroxide.A morecomplete
studyoftherateofformationof sodiumnickeliteispresentedin
appendixC. tf-#
Method1
Fourstandsrd“L”nickelcruciblescontainingweighednickelspeci-
mens(1/16in.thickand5/16in.indiam.)andsodiumhydroxide
(13.W. 1 g)werepreparedandsealedintheusualmannerforstanda@
capsuletests(appendixA andref.2). TheywereIncasedin Inconel’” A
chambers(fig.2). Thechamberswereevacuatedto a pressureof 5 microns
ofmercuryandthenconnectedto a supplyofhydrogen.atconstantpres-
sureof 17inchesofmercury.Thetemperatureofthecrucibleswasraised -
to 1500°F by meansofa specialGlobarfurnace(ref.2). Thisfurnace .
by supplyi~,heatfromthebottommaintainedan 8@ F differenceb tween
1
thebottomoftheInconelchambersanda position~ inchesfromthe
bottom(thesodiumhydroxideliquidlevel).Thepressureofhydrogen
insidethenickelcrucibleswasalso17inchesofmercurybecauseofthe
permeabilityofnickeltowardhydrogen.&_ter80hoursattemperature
thecrucibleswerecooledandwereradiographerto detectheamountof
transfer.Theamountof sodiumnickelitewasdeterminedasnickelplus -.
two,andthespecimenswerereweighed(tableVI). Theeqerimentwas —
repeatedwithcrucibleshavingnoaddedhydrogeninthechambers.Even “-
thoughnohydrogenwasaddedto thesecontrolcrucibles,a steady-state ..
hydrogenpressureofabout4 millimetersofmercurywaspresent(ref.7).
Thesteady-statepressurearisesin a sealedcontainerfromthefactthat
hydrogenisgeneratedbythereactionof u$ckelwithsodiunhydroxideand
thathydrogenis lostby diffusionthroughthewallsofthenickelcon-
tainer.Theratesofthesetwoprocessesbecomeequalwhena certain
steady-statehydrogenpressureisreached.
As isobviousfromthedataoftableVI,theaddedhydrogensimul-
taneouslyinhibitedtheformationofthenickeliteandtherateoffis
transfer.
Method2 .
.
Testswerealsoruninwhichhydrogenwasintroduced&&ectlyinto
thehotzone(bottomofthecrucible)(fig.3). Thesetestsagainshowed “
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.
thataddedhydrogensimultaneouslyinhibitedtheformationof sodium
nickeliteandtherateofmasstransfer.
.
Wthod 3
Thethirdmethodwasdesignedtodeterminewhetherinhibitingthe
lossofhydrogenormallyformedina cruciblewouldlikewiseinhibit
transfer.Thiswasaccomplishedby placinga shellof Inconelarounda
standsrdnickelcrucible(fig.1(b)],inasmuchastherateof cliffusion
ofhydrogenthroughInconelismuchlessthanthroughnickel.
Theinternalandexternaldimensionsofthemodifiedcrucibleswere
ascloseaspracticableto thoseof a standardone (fig.1(a)).Two
standardcrucibleswereusedforcomparison(appendixA andref.2). Two
Inconel-coveredcrucibIeswerepreparedby firsttreatingtheinner
nickelcruciblesinessentiallynormalfashion.Thetopplugswerehsm-$ meredintoplacedin a dryboxandthenweldedto sealthecrucibles.
TheInconelshellswerethenassembledsroundthenickelandwelded
.
together.Thesefom crucibleswereheatedat 156@ F (intheGlobsr
furnace)for24hours;afterthisthecrucibleswereradiographerand
thecontentswerechemicallyanalyzed(tableVI).
TheInconelsheIlinhibitedtransferase~ected. Reductionofthe
rate offormationofthenickelitewasalsodetectableandwasattributed
to an increasedhydrogenpressurecausedby thedecreasedlossofhydrogen
by diffusion.
.
.
.
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RATEOFFORM4TIONOFSODIUMNICKELITE
APPENDIXC
A studywasmadetodeterminetherateofformaticmof sodium
nickeliteaccordingto theequation
Ni + 2NaOH+Na2Ni02+ H2
Ifthereactiondoesnotreachequilibriumina reasonabletime,the
mechanismofmasstransferinvolvinghydrogenas the“redox”material l
(tableI,reaction(6))isimpossible.‘ .-
Procedure
Standardtestnickelcrucibles(fig.l(a))containing13.OW.1 b
gramofsodiumhydroxidewereprepared(purgedandcrimped)in theusual
manner(appendixA). Theywerein turnsuspendedinan Inconeltubeby .
meansofa longNichromeloopspotwelded<o thecrimpofthenickel
crucible(fig.4). Thetopoftheloopwasplacedovera nickelplunger, ~
whichcouldbepulledoutfromundertheloopby meansofa magnetout-
sidethevacuumsystem.Brasscapsweresoftsolderedto thetopand
bottcmoftheInconeltubesothatthesystemcouldbe evacuated.After - “-
evacuation,hydrogengaswasadmittedand_controlledat thedesiredpres-
sure.Thetemperaturewasthenraisedas quicklyaspossibleto 1500°F
(44°F). ThetempemturemeasurementsalongtheoutsideoftheInconel
tubeshowedthata temperaturedifferenceofatmost3°F existedbetween - “.
thetopandthebottcmof themoltensodiumhydroxide.At theendofa
runa magneticfieldwasappliedtotheplungersothatthenickel
cruciblewasallowedtofalltothebottomofthebconeltube. The
nickelcrucible@s therebyrapidlycooled.Theexperimentwasrepeated
forvarioustimesandvarioushydrogenpressures(tableVII).Aftereach
runthecruciblewascutopenanditscontentswereanalyzedforoxidized —
nickel(fig.5 aidtableVII).
Kinetics
Thesodiumnickeliteconcentrationa~s tobe a linearfunction
oftime(fig.5)andtobe independentofhydrogenpressuresabove26
inchesofmercury.Theresults,althoughscattered,indicatetherate
offormationtobe greaterforlowerpressures.Thedataforsteady-
statehydrogenpressureconditions(37.5mg/24hr (appendixD)}confirm .
.
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.
thisfact. Toexpressthiseffectanalytically,onemustusea kinetic
equationforreacticmsinwhichsurfacesareeasilypoisoned(inthis
. caseby hydrogen):
rfom=kl +k2/(p#
where rform istherateofformationof sodiumnickelite,kl,k2,and
n areconstants,and
‘H2 isthehydrogenpressure.‘ince ‘form ‘s
isequslto kl athighpressure,kl = ti (mg/dm2)/yr(area= 0.267dm2).
Thevsluesfortheotherconstantsare n= 1.4and kz = 360 [g(mmof
Hg)1”4/dm2]/yr.Thekineticsareobviouslyindependentofthereverse
reaction.
Conclusions
.
Sincetherateofthereactionunderdiscussionislinearwithtime,
thereactionitselfneverreachesequilibriumndertheexperimentalccm-
;- ditions(at1503°F, fortimesup to 600hr,andwithhydrogenpressuresbetween0.16and81 in.Hg). Itfollowsthatthemechanismofmasstrans-
fercannotinvolvehydrogenas the“redox”material.
.
.
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.
APPENDIXD
REACTIONSOFCHROMIUMANDITSCOMFOUN12S
.
WITHMOLTENSODIUMEYRROXIDE
An Investigationwasmde todeterminethechemicaldifferencesbe-
tweenthesodiumchromites(orcbmmates)producedfromthefollowingthree
reactions:
1500°F
Cr +NaOH~ *
E1500°F P
Cr203+ NaOH~
1500°FNa2Cr04+ NaOH~
Thisworkwasinitiatedbecausechromiumetalwasreportedtobe an in-
hibitorofmasstransfer,whilechromiumsesquioxideandsodiumchrmate “
wereoriginallyinterpretedtobe detrimentalsadditives(ref.2).
.
Procedure Y
Standardstaticruciblecorrosion(masstrsusfer)tests(appendixes
A andB andref.2)wereperformedusingchromium(325mesh),chromium
sesquioxide(Cr203),andsodiumchromate(Na2Cr04)as additivesin the
sodiumhydroxide- nickelsystem Theseadditiveswereaddedbeforepurg-
ing. Inordertoaccanplisha morethoroughinvestigation,certainvari-
ationsintheprocedurewereusedforeachgroupofcrucibles,as indi-
catedin
The
thef~otnotesoftableVIII.
ChromiumMetal
ratioofchromateconcentration[Cr*]tochrmiteconcentra-
tion[Cr-)as foundb watersolutionsisapproximately1 to 2 (table
WII, group1,column6),beingindependentofthepercentageofchrcmium
metalused(column3)andindependentoftimeforrelativelylongperiods
(column5). Thecompositionis essentiallyuniformthroughoutthecruci-
bles(tableVIII,footnote(b)).Forperiodsoftimelessthan1 hour,
Cr+3aloneexisted(groupU). Group111resultsindicatethatthis
apparentl-to-2mtio for[Cr*] to [Cr+3]doesnotdependuponthe
steady-statehydrogenpressurethatispresenth closed(sealed)systems
(ref.7). Thesefactsperhapsindicatethe,presenceof~* fi tieso~~ . =
hydroxide.
.
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Since,however,this[cr*]to [Cr+3]ratiodependsupontemperature
(tableVIII,grtipIV),thel-to-2ratiomustbe onlyamroximate,and
# is ~~ doubtful.. thustheexistenceof Cr Forfurtherdiscussion
seeappendixE.
ThereactionformingthehypotheticalCrw isfastenoughsothat
anyhydrogensoproducedisquicklylost(bydiffusion),andis thuspre-
ventedfrominhibitingsignificantlytheproductionof sodiumnickelite
(tableVHI, column7}.
ChromiumSesquioxide
Theresultswithchromiumsesquioxide(tableVIII,groupV) show
thatit isan inhibitoroftransfer.Thisis indicatedby ccanparison@
thespecimenweightchanges(column8)andwassubstantiatedby thede-
creasein therateoftransfera~rent inradiographsofthecrucibles
.
~
(notshown). Chromiumsesquiaxideisnotbeneficalin dymmictests.
~
Euringtheprocessthechromiumconvertslowlyfrm Cr+3to theCr* as”
foundin thewatersolution,butthereactionapparentlystopswhenit
~- is two-thirdscomplete.l%isperhaysindicatesthepresenceofC@.
~ Thehydrogenproducedfromtheoxidationof thechramiumsesquioxide
keepsthesodiumnickeliteconcentrationlow(tableTCCII,column7].
Themagnitudeofthisphencwnenondependsupontheactualpercentof chro-
miumsesquioxideused. It seemspossiblethattheCr203inhibitstrans-
ferby thispropertyofkeepingthenickeliteconcentrationlow(thus
workingina differentmannerthanchromiumetal).
GroupVI results(tableVIII)ccmrparethethreeadditivesused.
Theseresultsconfirmthepreviousdata(groupsI toV). Thetestswith
sodiumchrcmateindicatethatthechromiumconvertstoessentiallythe
sameoxidationstateas it doesin thechromiumsesquioxide(tableVICI,
column7). Thisresultsintheoxidationofmetallicnickel(tableVTIX,
footnote(f)).
summary
.
!llbefollowingequationssummarizetheinformationbtained:
(1)Cr+3NaOH ~Na3Cr03 +~E2;
Moderately
fastNa3Cr03+ NaOE~ cr+4,+5,or+8+ H2
*
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“
(2)Cr203+ 2NaOH+2NaCr02+~O; NaCr02+ 2NaOH~Na3Cr04 +H2;
.
~t + ~ao= Inhibitedby hydrogen> Na2Ni02+ H2
pressures
(3) 2Na2Cr04+Ni + 2NaOE+2Na3Cr04+H20 +NiO
SeeappendixE forfurtherdiscussionofchramiumetal.
.
.
.
.
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APPENDIXE
C!HROMATE-CEROMITEEQUILIBRIUMINM3LTENSODIUMHYDROXIDE
A studywasmadeconcerningtheequilibriumbetweenthevalencesof
chromiumformedwhenthemetalreactswithmoltensodiumhydroxideat
1500°F. Itwashopedthatsuchan investigationmightuniquelydefine
thevalencesofchromium.
Rrocedure
Standardstatic-testnickelcruciblescontainingsodiumhydroxide
(13.H. 1 gram)andvariousamountsof chromiumetal(325mesh)were
preparedintheusualmanner(appendixA andref.2]. Theywerethen
heatedina hydrogenatmosphereat 1500°F andquenchedinthemanner
describedinappendixC. Aftereachcruciblewasopened,itscontentwas
immediatelyacidifiedwithdilutesulfuricacid. Thenthewaterphasewas
.
analyzedforCr+3andCr* (tableIX,columns4 and5). Theinsoluble
materialwasassumedto containonlyCr+3.
Equilibrium
Proofthatequilibriumwasactuallyreachedisthefactthatthe
~fequilibriumconstants”subsequentlycalculatedareindependentof test
duration(tableIX,column3).
Theequilibriumbetweenthelowerandhigheroxidationstatesof
chromiumas itexistsinmoltensodiumhydroxide(notnecessarily,as it
existsinwater)isexpressibleby thegeneralequation
[Cr+?l“P=,=
‘1= [Cr+x]
where K1 istheequilibriumconstant.Sinceinfactthevalueof
PnO[Cr+61/[totalCr]isessentiallyconstant(tableIX,column6),one
m~t concludethat+3and+5mustbe thevalencespresent([Cr+5]being
proportionalto [cr+6];[Cr+3]beingessentiallyequalto [totalCr];and
.
thedependenceupon
‘% beingthefirstpower).Thisselectionisnot
l
30
unambiguousifchromiumcan
constantforthiscase K2
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existas a dimer.Sincetheequilibrium
canbe expressed
l!!r~2 pH2Y-xK2 =
[1+2XC!r2
.
thevalenceswould.be +-3and+4. Thevalences+3 and+5are,however,
thesimplerexplanation,beinginagreementwiththeworkinwhich
chromiumsesquioxideisoxidizedtoC!r+5(appendixD). Furthermore, ‘“ “-
sincechromiumlsapparentvalenceat 1700°F is+4.1(appendixD),some
pentavalentchromiumustbe present.
ComplexFormation
Whena compoundcontainingCr‘5 isdissolvedinwaterandacidified,
thefollowingdisproportionationreactionshouldoccur:
6Na5Cr05+ 29E2S04+Cr2(S04)3+ 2Na2C!~207+ 26NaHS04+ 16E20
..
Ifalltheresultinchromiumcompounds~ watersoluble,onewouldexpect
8[solubleCr+3]/[Cr+]to eqpal0.5,not3,3(tableIX,column7). A-~alue
of3.5(almost3.3)to 1 forthisratioi~understandable,iftheCr+5is
assumedtobe coordinatedwithCr+3accordingto thefirstformulainthe
equation
—
-—
._
6Na5Cr05(Na3Cr03)2+ 83H2S04~7Cr2(S04)3~2Na2Cr207+ 62NaHS04+ 52H20
—
Underconditionsof lowandvaryinghydrogenpressure(unsealedsystems)
onechromite(Cr+3)probablycoordinateswithonehypochromate,aa in-
dicatedbytheapparent+4 valence(appendixD andtableVIII,grouyIII).
Thiscoordinationchangeswithtemperature,as indicatedby theapparent
valenceof+4.1at 1700°F (appendixD).
—..—
—
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EQUILIBRIUMCONCENTRATION
APPENDIXF
F SODIUMOXIDEINSODIUMHYDROXIDE
Theequilibriumconstantforthereaction
2NaOH(liquid)#N~O(solid)+ H20(gas)
wascalculatedfromthermodynamicdata(tableX andrefs.13and14). It
wasfoundtobe 10‘3”96atmosphereat 822°C. Sincethepartialpressure
ofwateroversodiumhydroxideisabout3 millimetersofmercuryat822°C
(ref.7),themolarconcentrationfsodiumoxidemustbe about2.7percent.
Thisis ingeneralagreementwithrecentexperimentalwork(ref.10).
Thisconcentrationseemsmorethansufficientfortheoxideto takepart
inthechemicalreactionsinvolvedinmasstransfer.
.
Themolarconcentrationfwatermustalsobe 2.7percent,sincevery
littlewateris inthevaporstate(becauseofthelowvaporpressure).
.
Thislowpressureisindicatedindirectlyinstaticcrucibletestsusing
flowingatmospheres(appendixD andref.3). Ifpressureslargerthan
severalmillimetersofmercuryexisted,largequantitiesofwaterwould
be removed,andthesodiumoxideconcentrationa dmasstransferwould
thusbe increased.
Ifonedisregardstheexperimentalevidenceandassumesallthe
waterformedfromthedissociationtobe containedinthefreespace(10ml
ina standardcrucible),themolarconcentrationf sodiumoxidewould
stillbe sufficient(0.02percent)to takepartinmasstransfer.The
resultingwaterpressure(400mm Hg)wouldbe,of course,ingrossdis-
agreementwiththefacts.
.
.
32 NACATN40s9
APPENDIXG
.
.
CORROSIONANDMASSTRANSFERINSODIUMHYDROXIDE- COPPERSYSTEM
Inordertocomparethemechanismof transferinntckelwiththatin
anothermetal,thesodiumhydroxide- coppersystemwasinvestigated.
Procedure
Staticcorrosiontestsinwhichcoppercrucibleswereexposedtoair
for24hoursresultedinexcessoxidationandleaking.Therefore,static-
capsulecorrosiontestswereperformedwiththecoppercruciblesprotected
fromoxidationbybeingincasedinIncortelchambers(fig.2).
Fourcrucibleswerefabricatedfromcoppertubinginthesamemanner
as the“LWnickelcrucibles(appendixA andref.2). Inthreeoutof .
fourcasesduringthe1500°F test,leaksoccurredat thelowerweld
(belowthesodiumhydroxidelevel).Subsequentcapsulesweretherefore
fabricatedfroma singlebarof coppertothesamedimensionsas the .
standardnickelcrucibles.Thespecimens.~ndtopsweremachinedfromthe- ‘-
samebarstock,whiletheventtubesweremadefromtubingintheusual
manner.Theloadingandpurgingprocedurewasidenticaltothatusedfor
nickelcrucibles.Theconditionsofthetestwerethesameas thosefor
method1 inappendixB exceptthattheInconelchatierswerecontinually
evacuated.Nickelcrucibleswereusedforco?qparison.Afterthecrucibles —
wereradiographer,themeltswereanalyzedchemically,andtheweight
lossesof thespecimensweredetermined(tableXI).
PresenceofSodium
Severaldaysafterthetest,a whitealkalinecoatingwasdetected
aroundthecrimpon someunopenedcoppercrucibles(tableXI,column5).
Thisphenomenonwasinterpretedasbeingduetotheformationofmetallic
sodiuminthemeltanditsdiffusionthroughthecoppermetalathigh
temperaturefollowedatroomtemperatureby itsreactionwiththecom-
ponentsof theairtoformsodiumcarbonate.Photomicrographsof the
crimpedsectionsindicatedthatsomeforeignmaterialhadvaporizedfrom
thesurfaceofthecopper.
—
—
Furthermore,theextremelylargeweightlossesofthecoppercrucibles
(tableXI,column6)canbeattributedonlytothelossofmetallicsodium.
Radiographsof thecoppercruciblesshowthislossof sodiumhydroxide.
Unfortunatelythecontentswerenotanalyzedforsodiumhydroxide.All l
thisevidenceindicatesa reactionforcopper
Cu + 2Na20+Na2Cu02+ 2Na .
whichissimilarto thatfornickel.
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& Radiographs(notshown]andthespecimenweightchanges(tableXI,
column7] indicatethatchromiumisan inhibitorof transferinthesodium
hydroxide- coppersystem,as couldbepredictedfromtheproposedmechan-
ism. However,anotherfactorhastobe consideredhere. Thepressureof
hydrogengeneratedby thechromiumreactionisnoteasilyeliminated,since
copperislesspermeabletohydrogenthanisnickel.Theresultinghydro-
genpressureinhibitsthechromite-to-chromatereaction(column8)aswell
as thecopper-to-cqpratereaction(column9). Thisaccountsforsomeof
theeffectivenessof thechromiuminc~er butnotforthatinnickel.
ComparisonofTransferofCopperandNickel
Radiographsof crucibleshowlittledifferencein theactualamunt
of transferforcopperandnickel.Thefactthatthespecimenshave
. relativelylargeweightlossesisattributableto thelargeamountof
copper(fromthespecimensaswellas thecrucibles)whichreactswith
sodiumoxidetoformmetallicsodiumandthesodiumcuprate.Itisthe
.
y sidereactionsof copper(oxidation,sodiumdiffusion,andfastrateof
H reactionwithsodiumhydroxide)whichmakeita farlessfavorablecon-V tainermaterialformoltencausticthannickel.
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AFTENDIXH
*
TIDIRMOEUMTRIC!ALPOTENTIALOFNICKELINMOLTENSODIUMHYDROXDI!3
Thissectiondescribesthethermoelectricalpotentialandcurrent
foundtoexistinthesodiumhydroxide- nickelsystemandpresentsa
tentativeexplanationforthem.
1+P
Apparatus *
Althoughmanytypesofapparatuswereused(mostofwhichhadabout
thesamedegreeof successandreproducibility),onlythefinalapparatus
isdescribedhere(fig.6). Theoutsidecontainerwasfabricatedfrom
Inconelandmadevacuumtightby meansofa water-cooledO-ringseal
betweenthetwobrassplatesontop. Thecupinside(containingNaOH)
andtheelectrodeswerefabricatedfrom“L”nickeltubing.Theelectrodes *
werevacuumsealedtothesystemby meansofrubbertubingandelectrically
insulatedfromtheInconelsu~ortsby meansof ceramictubes.Heating
wasaccomplishedbymeansof ceramic-coveredNichromeheatingwirewound .
aroundtheInconelcontainer.Severalayersofasbestosuppliedsuf-
—
ficientheatinsulation.Thetemperaturewasmanuallycontrolledthrough
a Variacandmeasuredby thermocouplescontactingthetiPsof the
electrodes.
..
ThermoelectricalPotential
Whilethetemperatureof thevesselandoneelectrodewasheld
constant,thesecondelectrodewascooledbypassinga streamofair
throughit. Thetemperaturedifferenceb tweenthetwoelectrodeswas
measuredaswellastheelectricalpotentialexistingbetweenthem. Gen-
erally,theresultswereveryscattered,althoughthehotterelectrode
wasalwaysnegativewithrespectothecoolerelectrode.OccasionallY~_
thescatterwaslow(fig.7).
Valuesforelectromotiveforcedividedby thetemperaturedifference
(emf/AT)formanytrialsrangedfrom10 to120microvoltperdegree.
Thesevalueswereessentiallyindependentofwhethera vacuumora helium
atmospherewaspresentabovethesodiumhydroxide.However,whena hydro-
genpressurewasused,thesignof emf/ATwasreversed(i.e.,thecooler
electrodebecamenegativewithrespectothehotterone).Uponremoval
ofthehydrogenpressuretheoriginalpolaritywasrestored.
—
.
.
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ThermoelectricalCurrent
. An experimentwasalsocarriedouttoseewhetherthisthermoelectri-
calpotentialcouldsustainan electricurrent.Thehotandcold
electrodeswereconnectedthrougha lowresistance(2ohms),andthe
potentialdropacrossitwasmeasuredovera periodof 6 hours.Thecur-
rentwasquiteunsteady.
Interpretationn
Themeasuredpotentialcouldbedueto theSeebeckeffector toone
of thefollowinghalf-cellreactions:
Coldzone
Na2Ni02+ 2Na++ 2e- — 2N~0 +Ni
E~
Coldzone
2H20+ 2e-~ 20H-+ H2
Hotzone
Coldzone
NaOH+ e- ,~_ OH-+ Na
Hotzone
Coldzone
Na++NaNi02+ e- - Na2Ni02
Hotzone
TheSeebeck(thermocouple)effectisnotlikelyforthefollowingreasons:
Sodiumhydroxideisprobablya poorelectronicconductor,andtheeffect
ofhydrogenisfartoogreatforthepotentialtobe dueto siqplethermo-
coupleaction.Theeffectof thehydrogenuponthethermoelectrical
potentialisevendifficultoexplainintermsof anyof thethermocell
reactionslisted.Thepresenceofhydrogenshouldinallcases(by
reducingtheratioofproductstoreactants)increaseemf/AT(notdecrease
itpastzeroas isfoundexperimentally}inasmuchas thevalueof emf/AT
isdeterminedby theequation(ref.15)
where n isthenumberof electronshowninthehalf-cellreaction,~
istheFaradayconversionfactor,and AS” isthestandardentropychange
forthereactionaswrittenforthehotzone.Theonlyreasonablewayto
explaintheeffectistoassumethatthethermoelectricpotentialis
producedby thenickel-nickelitereactionwiththehydrogenpoisoningthe
. nickel.InappendixC anothercaseispresentedinwhichhydrogenappar-
entlypoisonsnickelin thesodiumhydroxidesystem.
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TAKE I. - RIOFOSBD~
me of reaction Rsaction M@atlon~ocemes A&lltlonalreactionsr~quirea
forhltlatiou
coldzone
bysical (1)~lO(dissolved)— Ni”(raetal)
~
NIO(hot)- (CO~) Iiooe
coldZO*
leda’ochmical(Z)Ha@Oz+me++2.-~ ma20+Hi Hs#i~(hot)~ (col@ ZN~ ~H~O+ ~0
Hotzone MS+(hot)~ (COl@
e (hot)~ (cold)
Ma20(cold)+ (hot)
coldzone
hmlcd lV~~+l RedUctant
~
“Oximt+Hi
ColdZow
Impority (3)Ha#i02 + ZNa#eOp. “m~e~ +Hi Na2Nio2(hot)+ (cold) None
Hot zone Na2F~ (hot)+ (CO~)
?l~Fe03(cold)+ (hot)
cold zon~
Dlsproportionatiou(4)5Ra$i02~ “~a5Hi03~NI Nz#iOz(hot)~ (ColdHil ~~ + N&#iOZ~Hz
,. ,, Hotzone H~N105(COld)~ (hot)I
Elementpresentin
sodiumhydroxide Cold zone
O~gen (5)Ha.-j’?i02= H~O + ~ 02 + Hi Na2Ni02(hot)+ (cold)
NwO(COM) + (hot) Hi + 2NaOfl+ lk#i~ + ~
02(cold)+ (hot)
Cold zcq
~n (6)Iiu#02 + ~ & 2NaOH+ ill NS2NI%(hot)+ (cold)
H2(hot)+ (COhi) Hone
Nam(cola) + (hot)
cold zone
Sedlum (7)Na#i02+ ma _— 2N~0 + Ni ria#f02(hot)+ (cold)
Hot zons Na(hot) + (cold) mam + N%o + F$O
Ih#(cOld) + (hot)
,
I
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TABLEII.- ANALYSISCTSODIUMEYDROXIDE
PELLErs
[Ref.2~
I Material
Sodiumhydroxide
Chloride(Cl)
Iron(Fe)
Otherhea’vymetals
Carbonate(Na2C03)
Phosphate
(asAg]
Silicaandsmmoniumhydroxide
precipitate
Totalnitrogen(asNH3,N02)
Sulfate(S04)
Percent
97.6
.005
.001
0
.32
0
0
.001
0
TABLEIII.- COMPOSITIONCl?“L”
NICKELTUBING
~ef, 2.]
Material Percent
Manganese
Iron
Copper
Carbon
silicon
Sulflu
Cobalt
Nickel
0.149*0.015
.059k.006
.02$&-.006
.02~.005
.02c&.cQ2
.Ow&.ool
.119*.013
Balance
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TABLEIV.- EFFECTUPONTRANSFEROFINCREASINGIMPURITYCONTENT
[Refs.2,3,and112
Specimenweightchangeforvarious
percentsofaddedimpurities,mg
o 1 3 5
percentpercentpercentpercent
fickelimpurities
Manganese -4.7 -20.0 ----- -----
Iron -5.1 -25.7 -28.4 -28.1
Copper -5.1 -8.4 -6.7 -5.8
Carbon -7.9 -78.6 -8.5 -7.8
Silicon(seesodiumsilicatebelow)---- ----- ----- -----
Sulfur(seesodiumsulYatebelow) ---- ----- ----- -----
Cobalt -5.1 +0.6 +7.2 +8.2
3odiumhydroxideimpurities
Sodiumchloride -7.9 -6.5 -6.6 -----
Ironoxide -5.1 -9.2 -11.1 -4.8
Silvermetal -5*1 -6.0 -4.8 -5.1
Sodiumcarbonate -7.9 -17.5 -19.3 -22.0
Sodiumphosphate -5.1 -5.4 -5.2 -8*6
Sodiumsilicate a-7 a-n ----- -----
Nickelnitrate a-7 a-n ------. -----
Sodiumsulfate a-7 a-n ----- -----
aApproximate(ref.U).
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TKBLEv. - X-RAYDIFFRACTIONDATAFORSODIUMNICXELITE
hteratomit
listances,
d,
:
8.48
----
4.35
4.17
----
3.22
----
2.55
----
2.43
2.23
2.17
2.10
1.92
1.87
----
1.65
----
1.60
1.57
----
----
1.44
----
1.38
----
----
----
1.27
----
----
Intensity
of line
Medium
------
Strong
Strong
------
Weak
------
Medium
------
Strong
Weak
Weak
Weak
Weak
Weak
------
Weak
------
Weak
Weak
------
------
Medium
------
We&
------
------
------
Weak
------
------
d values
‘remref.9
OakRidgej.
:
----
----
4.32
----
----
3.21
2.71
2.57
2.53
2.42
2.27
2.14
2.09
1.93
1.87
1.70
1.64
1.61
1.60
1.56
1.53
1.49
1.44
1.41
1.38
1.34
1.31
1.29
1.27
1.23
1.22
d values
fromref.9
(University
)fArkansas)
;
----
----
, 4.37
----
----
3.19
----
2.55
----
2.44
2.28
2.16
2.09
1.92
----
----
----
----
----
----
----
1.49
1.45
1.43
----
----
----
----
----
----
1.22
d values
‘remref.7,
:
----
4.87
4.33
4.17
3.67
----
----
2.55
----
----
----
----
----
1.91
----
----
1.65
----
----
----
----
----
----
1.41
----
----
----
----
----
----
----
MethodTotalnumber
of crucibles
a4
4
ai?
2
Pressure
Df hydrogen,
in. Hg
0.16
(Steady
state)
17
0.16
(Steady
i3tate)
>0.16
(slightly
shove
steady
state)
aC!rucfblesnaedforcomparison.
l .
Temperature,
‘%?
1500
1500
1560
1360
Time,
h
80
80
24
24
Specimen
weight
10ss,
ma
4.3s.?
2.8M.6
7.&o.8
4..6M.3
Amount
~f+2
in melt,
w
11.4A-.9
0.4M0.05
79.&l.8
8.3MI.1
l ,
Appearanceof
transfer in
radiograph
Clearlyvisible
Hardlyvisible
Clearly visible
Nexrowerband
thanincruci-
bleswith
steady-state
hydrogen
pressure
NACAm 4089
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II!ABLEVII.- KPKETICDATAFOR
80DIUMNICKELITEFORMATION
rime,
hr
615
303
303
284
228
184
I-38
89
89
88
87
82
63
45
43
A--
40
26
22
21
19
18
14
0
0
3!u+2
in
melt,
W
1.40
.66
1.11
.64
1.11
.437
.343
.285
1.03
.21
.42
.25
.638
.167
.093
. Xl-5
.1.30
.080
.062
.218
.150
l 175
.090
.100
l 070
Hydrogen
pressure,
in.
m
81.0
26.5
-16.0
16.5
-15.0
28.3
28.3
29.1
3*5
38.4
20.7
38.7
12.7
70.6
73.2
37.6
86.5
60.0
86.1
20.7
38.4
28.9
68.4
----
----
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TASLSVXII. - CORR@IONDATAWITHCHROMIUM,CHR~IUMsESQOIOXIDE, ANDSODIUM
LDDITIVI?9
6
-
Peroentcd
:+sk esCr
remaind6r
_
L3
32:5:
.5
L
30.1
33.s_0.7:
5.0.5
33.7
30.8-Ti
30.4‘-
{
32.0““33.s:-
32.6
o_01.5:--
-
----
-.—
33.s
33.9
----
35.936.1..
--_&_
35.336.6z
r
----.
43
16
5.3
----
60 “-
Y2
,.
-—- ~
56
61 ~
34
37 “-
57 =
----
32.0‘“.
S7.O
32..3:.:
63.0-
24.2
15.5-”.
66.1-
-—
42.8
37.z”-
33.2.
4s.5
24.6
13.k
63.?
----
39.s:
38.2-
46.5
26.0
9-i- 3 7 I 82
lroup
of
lruci
b19B
~
‘b’cI
‘eII]
munt 0
dditlve
percent
+
mountof Specimen
~i+z weight
n melt, ahange,
s qs
Averagerate
or specimen
ielghtchange,
mtipT1500 242424962%245c-r 2.57.555.8;:10
Cr
c??
Cr
None
None
Cr
Cr .
None
ENone
c??
(E-
Ncme
cr203
CI’2U3
cr203
None
CT203
Cr203
Cr203
None
2A
Cr203
Cr20~”
b$s
None
z
ti&$3
Cr2U~
Cr20
tiazC’&
None
Cr
CT
Cr
cr*03
Cr203
Crzos
Na2CrO&
Ncme
cl’
Cr
Cr203
cr*03
/j
----
-—.
3
3
-t-
-12.9
-10.5
+4.5
+4.s
+
24
‘r 1
1700 24
H
..
IV 0.251 -32.3
.255 +7.0
.195 +9.0
.232 -30.5
.235 -7.0
J?C7 +7.0
----
2
----
1
3 T~15CQ 24I96i181240240 .-0.2s-.?tl-.48-.560.0375 -5.9.01065 +2.s.0L602 +2.6.0369 +2.1.aem. -xl.5.05112-24.1.0286 +3.6.0311 -5.5----:.25----:6.3—-.;4.916.2
----
:
5
1
3.
5
3
----
:
5.
:
5
3
----
3
3
3
51
-1135 -81.2
.0945 -79.6
.0465 -11.4
.0668 +.6
[.0914 -139.4.0931 -’74.6T0.0834.1053.0669.0W2.0376.0227.0285(f).0748.07s0.0772.07s4.0504.0244.021.5(f)I1 ) 67[71I
1111700 8.5
_l-.1591.1640.1659.0396.0423
..
“lheaec.ruclble~wereoutinto6everalsections; differencesin an.alysieb tween.?.eotione
werealight(column6).
bNoanalg’sii.WR~.madqforNi+2.
%0 epecirnens.d10Percent325meshplus13 percentle,rgermesh.
‘Flowingheliumatmosphereoversodiumhydroxide(ref.3).
.fCoatingof oxidewasfoundon lrmidesurfaceof crucible.
. -
1Total
mount of
Lu?omimj
g
0.1300
.1310
.129i3
.1296
.1304
.1307
.39CCI
.3903
.3899
.3900
.3901
.3900
2
Iydrogen
)ressure,
‘H2?
iu. Hg
79.2
68.4
28.3
22.4
14.8
10.6
69.2
63.8
60.1
40.6
40.2
17.5
.. -.
4314 -
r , * ,
TABm Ix. - CKFKMITE-CHRCMATE liQUILUIHJXMIM’M
3
mm,
hr
14
16
16
Is
32
15
18
40
65
14
88
14
4
Cr+6
in
melt,
B
o.mx15
.0016
.0026
.0039
.0070
.0088
.0046
.0049
.0055
.0103
.0094
.0163
5
Acid-
soluble
Cre In
melt,
i3
o.CY353
.0050
.00s3
.0140
.0177
(a)
.0135
.0149
.0175
(a)
.0246
.0447
6
P [Cr+q/[total Cr]
H2
in. Hg
0.91
.84
.56
.67
.80
.71
.81
.80
.85
1.07
.97
.73
I Average~
[Solub~e Cr+3 ]
[Cr+6]
3.5
3.1
3.2
2.8
3.9
--”
3.4
3.3
3.1
---
3.8
2.7
Average =
.TAmE x. - TH2BM2DMC DATA FOR SODIUMHYDR~E, SODIUM~E, MD WATER
[Refs.X5 and 14.]
Heatof forwtlon, Entropy,S, at Specificheat at conetant Heat of Heat of fusion,
-Orm’ pressure,
transformation %u3ion’
at 25° C,
cal/~;l~\(%) c? from alpha cal/mcle
calfmnle cal/(m2;e)(%) to beta,
‘txans ‘
cal/mole
Sacllumhydrotide -102,000 14.2 17.6 1000
(CL)(eolid)
----
BodluaIhydrofide -------- ---- 17.6 ---- 1900
(B)(eolid)
Sodium hydroxide -------- ----
(liquid)
19.6 ---” ----
Sodiwnoxide -102,900 17.4
(solid)
M .9+5.4X1O-3T ---- ----
Water (gae) -57,8CXI 45.11 1.19+2.63x10-%-0.16x10-%C ---- ----
l ,
Crucible
material
rNickel tubingNickel tubingCopper tubingCopper baCopper bar
Copperbar
Copper bar
l--Nickel tubingCopperbarCopperbar
43,1.4
e ,
.,
TABLEXI.- COBR0510NDATAFORSODIUMHYDROXIDE- COPPERSYSTZM
lime 1500 24
None 15C0 24
None 15Cm 24
None 1500 24
None. 1500 24
3 Em 24
3 1.5oo 24
None Mm so
None 1500 so
None I-5oo so
None -4.4 -2.1
None -4.9 -3.5
60 ------ -3.4
0.5 -45.9 -9.4
.5 -25.6 -9.6
----- ------ +5.2
-----
-943.3 +6.2
None +0.7 -8.1
15.8 -604.1 -28.5
4.8
-788.2 -33.7
--- I ------
--- ------
-.. 0,0569
--- .0S52
--- .0S46
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(a)Standardorucible. (b)Modifiedcrucible.
Figure1.- CcmpmiaonofstandardcrucibleandcruciblewithIncoR.1shell.
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Figure2.- VacuumsystemandInconelchamber.
.
\50 NACATN4089
T
“+
Helium
gas
I
I
5“
rWeld F’u&To vacuum\
ff
+-
Crimps Vacuumvalve
i
Sodium
hydroxide
Surface
tbl?OU@ whioh
hydrogen
diffusesinto
cructble-
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—is
+
To hydrogencylinder
l
.
- “L”nickeltube
(0.D.,5/8”;wall,1/16”)
~“L” nickeltube
(0.D.,1/4”;wall,1/32”)
.
F Chromel-Alumelthermocouples
-.
Figure3.- Crucibleforintroductionofhydrogenathotzone.
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Figure4. - Apparatusforkineticandequilibriumetudies.
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